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Dye sensitized solar cells (DSSCs) are considered as one of the candidates to replace 
conventional silicon based solar cells due to the low cost and easy fabrication. 
Generally, high efficiency DSSCs employing iodide/triiodide redox couple in 
electrolyte which have toxicity and electrode corrosion problems. For long-term 
application consideration, solid-state DSSCs (ssDSSCs) were developed. One kind of 
attracting ssDSSCs is using conjugated polymer as hole transporting materials 
(HTMs).  
In this work we use in-situ polymerized poly(3,4-ethylenedioxythiophene) as HTM to 
develop ssDSSCs with high efficiencies. Bis-EDOT monomer molecules diffuse and 
polymerize in the TiO2 electrode to improve the HTM penetration. ssDSSCs 
sensitized with different indoline sensitizers D102, D131 and D149 were used to 
show the influence of chemical structure of sensitizer on the performance of ssDSSCs. 
Our studies reveal that devices based on different sensitizers obtained similar 
charge-collection efficiencies. The key factor for dye selection is the total light 
absorption ability of sensitizers. With the largest total light response, ssDSSCs with 
D149 as sensitizer have shown the best efficiency of 5.98% under the air mass 1.5 
global (AM 1.5G) sunlight 100 mW cm-2 condition, while D102 and D131 based 
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devices fabricated under the same conditions yield efficiencies of 5.17% and 2.44%, 
respectively. 
To enhance incident light utilization without changing TiO2 electrode thickness, the 
influence of nanowire scattering layer on ssDSSCs with in-situ polymerized PEDOT 
as HTM was investigated. Intensity modulated photocurrent spectroscopy (IMPS) and 
intensity modulated photovoltage spectroscopy (IMVS) results show that the charge 
transporting time is decreased while the electron lifetime is increased with addition of 
scattering layer. As a result, ssDSSCs with a scattering layer obtained better 
charge-collection efficiencies. ssDSSCs with scattering layer have shown a 
remarkable efficiency of 6.21% under the air mass 1.5 global (AM 1.5G) sunlight 100 





AM 1.5G  Air mass 1.5 global 
Bis-EDOT 2,2’-bis(3,4-ethylenedioxythiophene) 
DSSCs Dye-sensitized solar cells 
EIS Electrochemical impedance spectroscopy 
FESEM Field-emission scanning electron microscope 
FTO  Fluorine-doped-tin oxide 
HOMO  Highest occupied molecular orbital 
HTM  Hole transporting material 
IPCE Incident monochromatic photon-to-current 
conversion efficiency 
IMPC Intensity modulated photocurrent spectroscopy 
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CHAPTER 1 Introduction 
1.1 Solar Energy 
Since the technology and economy on the world have been rapidly developed over the 
past years, more energy is being consumed to adapt to the development. The main 
resources of the consumed energy are fossil fuels, nuclear power and renewable 
energy. The composition of global energy consumption of 2009 is shown in Figure 
1.1.[1]  
 
Figure 1.1 The composition of global energy consumption of 2009.[1] 
The global energy consumption is highly dependent on traditional forms of fossil 
fuels, such as oil, natural gas and coal.[2] Research have shown that energy 
consumption for the next 25 years is anticipated to grow at an average rate of 2% each 
year.[3] However, with the increased energy consumption, the reserves of fossil fuels 
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are decreasing year after year. Another problem accompanying the consumption of 
fossil fuels is the environmental pollution arising from the combustion of these fossil 
fuels. 
One way to solve these problems is to promote various renewable energy sources to 
substitute the consumption of fossil fuels. Renewable energy, including solar energy, 
wind power, hydropower, biomass, biofuel and geothermal energy, is energy comes 
from natural resources, which is renewable.[4] According to the report of REN21 as 
shown in Figure 1.2, 19% of global energy consumption was supplied by renewable 
energy in 2009. Among all the available renewable energy resources, solar energy is 
the most promising topic in current research due to its abundance, cleanliness, easy 
accessibility, silence and little need for maintenance.  
 
 
Figure 1.2 Capacity of solar energy compared with some other renewable 
energies and global energy consumption. TW: 1012 W.[5] 
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Solar energy is the most abundant energy source of our planet. The solar energy 
available by earth is 86,000 TW per year while global energy consumption is 15 TW 
in 2009.[5] This result indicates if only 0.17% sunlight is utilized with solar cells 
yielding efficiency of 10%, the energy generated will satisfy global energy 
consumption. 
People have exploited solar energy since the ancient times. In the first to fourth 
centuries, Roman people have used south-facing windows to built bathhouses.[6] In 
1873, William et al. fabricated the first solar cell using a sample of selenium and two 
heated platinum electrodes, which has indicated the photoelectric effect.[7] In 1950, 
with the development of silicon electronic, silicon wafers were used to fabricate p-n 
junction devices. The p-n junction devices benefit from good charge separation 
process. Conventional p-n junction devices, so-called first-generation solar cells are 
fabricated with mono crystalline silicon or poly crystalline silicon. The current best 
commercial solar cells with an efficiency of 18% are the first-generation devices.[8] 
However, the application of this kind of solar cells is restricted by ultra pure grade 
silicon wafer available, which increase the cost of devices. To solve this problem, 
CdTe, CuInSe2 (CIS) and Cu(In,Ga)Se2 (CIGS) polycrystalline semiconductor thin 
films were introduced to develop the second-generation solar cells. The cost of 
devices is significantly reduced, however, they meet the challenge of yielding more 
practical efficiencies. To fabricate cost competitive solar cells, third-generation solar 
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cells are developed as novel photovoltaic technologies recently. Third-generation 
solar cells include bulk heterojunction solar cells,[9, 10] organic solar cells,[11] dye 
sensitized solar cells[12] and quantum dot solar cells.[13, 14] The charge separation 
process in the third generation solar cells depends on a bulk junction rather than a 
traditional p-n junction, which leads to better charge separation.  
Compared with silicon electronics technology, the DSSCs have only been developed 
over a short period. Moreover, the efficiency of silicon based solar cells is restricted 
by the single junction mode, since a photon only results in a single electron-hole pair 
and excess energy is lost as heat.  
Although the efficiencies of DSSCs are about half of the silicon based solar cells, 
there is still much space for the improvement of DSSCs. In addition, the materials 
utilized in DSSCs, such as TiO2 film and sensitizer, are all readily available. DSSCs 
have some other advantages, such as easy to fabricate, flexible and colorful which are 
not enjoyed by other types of solar cells. 
1.2 Dye sensitized solar cells (DSSCs) 
The dye-sensitized solar cells (DSSCs) is a kind of nanostructured 
photoelectrochemical device. In 1968, the dye was first used as light harvesting 
materials in solar cells.[15] However results indicated that there was a charge transfer 
process rather than energy transfer process between dye and semiconductor film. The 
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devices obtained were with low efficiencies, since the dye was sensitized on a single 
crystal film. In 1976, porous ZnO was used as semiconductor in the solar cells. The 
enhanced sensitized surface area show a energy conversion of 1.5%.[16] The major 
breakthrough in the field of DSSCs is published in 1991 by O’ Regan and M. Grätzel 
with an acceptable efficiency of 7.1%, in which large band gap semiconductor 
mesoporous TiO2 was used to attach dye molecules.[12] DSSCs with ruthenium 
sensitizer have achieved overall energy conversion efficiencies of over 11% under an 
irradiation of full sunlight AM 1.5G (air mass 1.5 global) have been reported.[17, 18] 
However, the scarcity of noble metal and the complex synthesize process of 
ruthenium dye limit the large-scale production. Low cost and easy synthesized 
metal-free organic dyes are studied to substitute ruthenium dyes. DSSCs sensitized 
with organic dye have shown an efficiency up to 9.8%.[19]  
1.2.1 Typical device structure of DSSCs 
Figure 1.3 shows the typical structure of DSSCs. A typical DSSC device consists of 
three components: dye-sensitized photoanode, electrolyte with redox couple and 
counter electrode.  
photoanode 
Dye-sensitized photoanode: a mesoporous film of a wide band gap metal oxide is 
coated on a transparent conducting glass (e.g. Fluorine doped tin oxide, FTO). The 
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semiconductor electrode is subsequently sensitized by dye solution. The photoanode 
is the key element for light harvesting in DSSCs.  
 
Figure 1.3 The typical structure of dye sensitized solar cells 
a) Mesoporous material semiconductor film 
The semiconductor film is made up of large band gap semiconductor, most commonly 
TiO2. The mesoporous TiO2 layer is multifunctional in DSSCs. It not only provides a 
large surface area for dye adsorption, but also accepts photoelectrons produced by the 
excited dye. Furthermore, it functions as conductor for photoelectron travelling to the 
FTO electrode.  
In general, the TiO2 film is deposited via a TiO2 paste on the FTO conducting glass. 
The TiO2 paste consists of 20 nm TiO2 nanoparticles. To form the TiO2 film, two 
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methods are commonly used: doctor-blading and screen-printing method. To reduce 
effect of organic additives and increase interconnection network of TiO2 nanoparticles, 
annealing of the coated TiO2 electrode is necessary.  
Generally, increasing surface area of mesoporous TiO2 film leads to enhanced dye 
adsorption and better contact between dye and electrolyte. However, the 
recombination process also increases with the increased surface area of TiO2 film. To 
solve this problem, some strategies have been studied to reduce recombination, such 
as employing an organic spacer between TiO2 and sensitizer.[20-23]  
The typical used TiO2 layer is a multiple layer, which is composed with a layer of 
TiO2 film with 20 nm TiO2 particles and a layer of TiO2 film 400 nm TiO2 
particles.[24, 25] The layer with 400 nm TiO2 particle, used to enhance light 
absorption is named scattering layer. 
b) Dye 
Generally, the dyes used in DSSCs are divided according to the structure: inorganic 
complex dye and all organic dye. The most effective devices are fabricated by 
ruthenium based inorganic dyes. However, since ruthenium is a rare metal, metal free 
organic sensitizers with high extinction coefficient have been developed. A relatively 
high efficiency of 9.8% has been obtained by metal free organic sensitizers.[19]  
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The properties of dye greatly affect the performance of DSSCs, since dye is the 
essential element to harvest light and inject photoelectrons. The spectral overlapping 
between the sensitizer and the AM 1.5G solar irradiance spectrum makes a large 
contribution to the photocurrent and energy conversion efficiency of devices, 
sensitizer with broad light absorption is expected, for instance, ruthenium dye C101 
with light absorption almost throughout the visible light range showed an efficiency 
over 11%.[26] To achieve more light absorption under low dye-loading conditions, 
the molar extinction coefficient of the dye should be high enough. D149 is a typical 
organic sensitizer with high extinction coefficient of 68,700 M-1 cm-1 at 526 nm.[27]  
Electrolyte 
Electrolyte consists of the redox couple for dye regeneration. The function of 
electrolyte is to regenerate oxidized dye molecules. The most effective redox couple 
is iodine/iodide.[17] In addition, SCN-/(SCN)3 and SeCN
-/(SeCN)3 have been reported 
as the redox couple with acceptable efficiencies.[28, 29]  
Counter electrode 
Since the counter electrode is used to reduce oxidized redox species and complete 
external circuit of devices, high conductivity and stability are necessary for the 
material of counter electrode. Normally, counter electrode is prepared by coating 
catalytically active platinum particles on FTO glass. 
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1.2.2 Working principle of DSSCs 
The working principle of DSSCs under light radiation is shown in Figure 1.4. The 
device generates photocurrent through a series of processes. 
a) When the dye molecule is excited by sunlight irradiation, an electron is excited 
from the HOMO level of the dye molecule to the LUMO level.  
 
Figure 1.4 The working principle of dye sensitized solar cells 
The excited photoelectron is injected to the mesoporous TiO2 film. The injection 
process from the excited ruthenium sensitizer is ultrafast, in the femtoseconds 
range.[30-33]  
b) The photoelectron injected travels through the mesoporous oxide film by diffusion 
and is collected at the FTO glass and transferred to external circuit. Since the TiO2 
film is filled in electrolyte, a junction of large contact area is formed between the 
TiO2 particles and electrolyte. The photoelectrons diffuse by hopping.[34] The 
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charge transport time is typically about 0.1 - 10 milliseconds. 
c) The oxidized dye molecule is regenerated by the redox couple normally I- in 
electrolyte. This process is generally completed in microseconds. Since for DSSCs 
with 20 years lifetime the turnover number is required to be 108. The lifetime of 
oxidized sensitizer should be larger than 100 s, while the regeneration time is 1 
s.[34]  
d) The electrons transferred from external circuit to the counter electrode are used to 
regenerate oxidized redox species. To enhance the performance of devices, the 
resistance of external electron transfer should be minimized. Research has shown 
that the resistance can be reduced down to 1 cmwith platinum nanoparticles 
clusters 
As the photoelectrons in DSSCs are surrounded by dye and electrolyte, there are two 
types of recombination processes that take place. The photoelectrons could recombine 
with oxidized dye or electrolyte with electron acceptor (processes (e) and (f) in Figure 
1.4). Recombination of the oxidized sensitizer, depending on the photoelectron 
concentration in the TiO2 film, ranges from s ~ ms scale. Recombination of 
photoelectrons with the electrolyte is represented by the electron lifetime. The 
competition between recombination processes and the generation of photocurrent 
plays a key role in the energy conversion efficiency of DSSCs.  
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1.2.3 Evaluation of dye sensitized solar cells 
To evaluate the performance of DSSCs, several parameters are utilized, such as open 
circuit voltage (Voc), short circuit current density (Jsc), Fill factor (FF) and energy 
conversion efficiency (). 
Voc is the device voltage measured under open circuit condition. In principle, Voc is 
the potential difference between the Fermi level energy of the semiconductor and the 
redox potential of the electrolyte.  
Jsc represents the photocurrent density measured under short circuit condition. Jsc is 
affected by the produced photoelectrons, charge separation and charge collection.  
FF is the ratio of the maximum output power (Pm) to the ideal efficiency of the 
devices (Pmax). 
 is given by the ratio of the measured maximum output power to the incident light 
intensity (Pin).  
Incident photon to current conversion efficiency (IPCE) is another fundamental 
method to evaluate DSSCs. IPCE value is defined as the produced photocurrent 
density under monochromatic light irradiation divided by the photon flux irradiated 
on the device. IPCE spectra show the light response of the devices under different 
wavelength of incident light.  
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Other methods including intensity-modulated photocurrent spectroscopy (IMPS), 
intensity-modulated photovoltage spectroscopy (IMVS) and electrochemical 
impedance spectroscopy (EIS) are commonly used to study the charge transporting 
time, electron lifetime, recombination and charge-collection efficiency of the DSSCs. 
1.3 Solid-state dye sensitized solar cells (ssDSSCs) 
Although dye sensitized solar cells have shown numerous advantages such as high 
efficiency, low cost, easy fabrication, lightweight and colorful, the long-term stability 
of DSSCs and the scaling up remain of concern because the electrolyte based on 
acetonitrile is volatile and toxic. In addition, the common iodine/iodide redox couple 
would induce corrosion on electrode. Considerable research efforts have been devoted 
to replace liquid acetonitrile based electrolyte with hole transporting materials (HTMs) 
to form solid-state dye sensitized solar cells (ssDSSCs). The first solid stated 
photovoltaic cells was published by Tennakone in 1988 with heterojunction formed 
by p-CuSCN and n-SnO2 with low efficiency.[36] Several kinds of HTMs have been 
developed such as inorganic p-type semiconductor,[37-39] organic small 
molecules,[23, 40-45] conjugated polymers.[46-48] Recently, ssDSSCs with organic 
small molecular and conjugated polymer as HTMs have yielded efficiencies over 6%, 




1.3.1 Main components of the ssDSSCs. 
As shown in Figure 1.5, a typical ssDCCS device consists of photoanode, hole 
transporting materials (HTMs) and counter electrode.  
 
Figure 1.5 The typical structures of solid-state dye sensitized solar cells. From 
left to right: FTO conducting glass, blocking layer, sensitized TiO2 film, hole 
transporting materials and Au counter electrode. 
 
Photoanode 
The photoanode consists of FTO conducting glass, blocking layer, mesoporous 
semiconductor layer and dye, which are similar as the conventional DSSCs. The 
photoanode plays a key role in light harvesting, photoelectron injection, charge 
collection as well as electron recombination. 
Different from conventional liquid based DSSCs, ssDSSCs have a blocking layer. 
This is necessary since the HTM could form ohmic contact with the FTO conducting 
glass by penetrating through the mesoporous semiconductor layer. The direct contact 
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between HTM and FTO would induce a short circuit and increased recombination at 
FTO conducting glass. Emploing a blocking layer before the deposition of 
mesoporous semiconductor is required to avoid contact between the HTM and the 
FTO glass. In addition, the blocking layer could improve mechanical contact of the 
semiconductor film on the FTO substrate.  
As shown in Figure 1.5, The TiO2 blocking layer was prepared by aerosol spray 
pyrolysis on cleaned fluorine-doped SnO2 (FTO) conducting glass. Thickness of the 
blocking layer is critical for the performance of devices. When the blocking layer is 
too thin, the direct contact between the HTM and the FTO glass could not be avoided 
effectively. On the other hand, if the blocking layer is too thick, the charge transport 
would be hindered. The thickness of blocking layer is optimized to be ~100 nm.[49, 
50] 
Hole transporting materials (HTMs)  
The oxidized dye molecules are regenerated and the positive charges are transported 
to the counter electrode by HTMs. The selection of HTMs should follow these 
principles: 
1) The upper edge of valence band for HTM should be above the HOMO level of the 
sensitizer to ensure dye regeneration process. 
2) HTMs should be transparent and do not affect the dye absorption greatly.  
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3) HTMs should penetrate in the mesoporous TiO2 film.  
The typical inorganic p-type semiconductors used as HTMs are CuI and CuSCN, 
which yielded device efficiencies of 3.8% and 4.7%, respectively.[37-39] The 
challenges of CuI and CuSCN based ssDSSCs are the poor penetration and 
instability of these HTMs. 
With the benefits of low crystallinity and plentiful sources, organic small 
mollecules as HTMs have attracted more attention for thefabrication of ssDSSCs. 
The most competitive 2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’ 
-spiro-bifluorene (spiro-OMeTAD). ssDSSCs with spiro-OMeTAD as HTM 
yielded an efficiencyof 6% under the AM 1.5G condition.[23, 40-45]  
Conjugated polymers have also been introduced to ssDSSCs as HTMs, as they have 
high conductivity, tunable optoelectronic properties and good stability. Because of the 
large molecular size of conjugated polymers, the penetration is decreased when 
compared with organic small molecules. Thus, the efficiencies of ssDSSCs with 
polypyrrole, polyaniline, poly(3-octylthiopehene) and polydiacetylenes as HTMs 
are very low.[46-48] In-situ polymerization method has been studied to aviod the 
poor penetration of polymers.[51-53] A remarkable efficiency of 6% has been 
reported with in-situ polymerized PEDOT as HTM.[54]  
Due to poor HTM penetration compared with conventional DSSCs, the thickness of 
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TiO2 film for ssDSSCs is restricted. As a result, the photocurrent of ssDSSCs is 
limited by the decreased dye loading.[55-57] 
Counter electrode 
The same as counter electrode for DSSCs, the material should be of high 
conductivity and stability. Gold is commonly used as counter electrode in 
ssDSSCs. Due to the reflectivity, silver is also a candidate for the counter 
electrode used in ssDSSCs. ssDSSCs with silver as counter electrode have shown 
enhanced photocurrent density by reflecting the incident light.[42] 
1.3.2 Research challenges for ssDSSCs 
Poor HTMs penetration 
ssDSSCs often suffer from poor HTMs penetration, with low photocurrent density, 
low energy conversion efficiency as well as fast recombination. Only 60% pore 
filling fraction for spiro-OMeTAD based ssDSSCs has been reported in 2.5 m 
TiO2 electrode. With increasing thickness of TiO2 electrode, the pore filling 
fraction decreases accordingly.[56]  
Deposition of HTM by doctor-blading method rather than spin coating method has 
shown improved HTM peneration. However, the improvement is not significant. 
For ssDSSCs with PEDOT as HTM, in-situ polymerization of bis-EDOT monomer 
shows better peneration and a remarkable device efficiency has been reported.[54]  
17 
 
Thickness of TiO2 film 
For spiro-OMeTAD based ssDSSCs, the optimized thickness of TiO2 film is 2 m, 
only 20% of the optimum thickness for conventional liquid based DSSCs. One of 
main functions of TiO2 film is to adsorb sensitizers, accordingly, the dye-loading is 
low for ssDSSCs.[56] Thus, thicker TiO2 electrode is required for improved 
dye-loading and photocurrent density. 
Recombination process 
Similar to the recombination process in DSSCs, there are two types of 
recombination in ssDSSCs. One is the recombination between the oxidized dye 
and the photoelectrons in TiO2 film. Since the regeneration of oxidized dye 
molecule is at ns time scale, this recombination process is negligeable. The other is 
recombination between photoelectons in TiO2 film and holes in HTM, which is the 
main recombination process in ssDSSCs.  
Some approaches have been reported to reduce recombination process in ssDSSCs, 
such as coating a insulator on the TiO2 surface.[58, 59] The recombination is 
reduced by blocking the recombination centers with insulator. Co-asdorbent is also 
used to reduce recombination in ssDSSCs by creating an insulating layer on the 
TiO2 surface.[60]  
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1.4 ssDSSCs with in-situ polymerized PEDOT as HTM 
To fabricate stable DSSCs, one approach is to replace the voltatile liquid 
charge-transporting electrolyte by solid state HTMs.  
The key point that limits the energy conversion efficiency of ssDSSC is the low 
penetration of HTM in the TiO2 film due to the size of molecular. The resistance of 
the HTM is higher than that of electrolyte, this indicates slower charge transport for 
both photoelectrons and holes. As a result, a gradient concentration of holes is formed 
in the TiO2 film. The accumulation of holes increases the chance of recombination 
between injected photoelectrons and holes in HTMs. In addition, the low HTM 
penetration restricts the optimum thickness of TiO2 film. As a consequence, the 
photocurrent density of ssDSSCs is limited.  
Due to high conductivity, conjugated polymers are used as HTMs for ssDSSCs, such 
as poly(3-hexylthiopehene) (P3HT) and poly(3,4-ethylenedioxythiophene) (PEDOT). 
Since the molecular size of conjugated polymers is much larger than other types of 
HTMs, the penetration is accordingly lower.  
To improve penetration of conjugates polymers, in-situ polymerization of conjugated 
polymer as HTM for ssDSSCs was first studied by Yanagida, in which the 
polypyrrole and pyrrole were used as HTM and monomer, respectively.[46, 61] In 
this process, the small monomer can penetrate and be polymerized within the TiO2 
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film. The energy conversion efficiencies for these ssDSSCs are extremely low, due to 
the fact that polypyrrole affected the light absorption of dye by harvest light at visible 
range.  
To solve the problem, PEDOT with high conductivity, high transparency in visible 
range, and high stability was in-situ polymerized as HTM for ssDSSCs in 2004.[51, 
62] 2,2’-bis(3,4-ethylenedioxythiophene) (bis-EDOT) was used as the monomer. 
With in-situ polymerized PEDOT, ssDSSCs sensitized with Z907 have yielded an 
efficiency of 3.2%.[53] Recently a record efficiency of 6.1% was reported for 
ssDSSCs with indoline dye D149 as sensitizer. ssDSSC sensitized with D149 shows 
enhanced light absorption, lower recombination and better penetration compared with 
ruthenium dye Z907 based ssDSSCs with in-situ polymerized PEDOT as HTM.[54] 
1.5 Objectives of current work 
The energy conversion efficiency of the ssDSSCs using PEDOT as HTM has 
progressed by optimizing device components and fundamental research. The objective 
of the current work is to optimize the device components and improve energy 
conversion efficiency of ssDSSCs. The work focuses on the performance of ssDSSCs 
employing different high extinction indoline sensitizers. The effect of scatting layer 
on ssDSSCs with in-situ polymerized PEDOT as HTM is also evaluated.  
The thesis is subdivided into mainly four parts: chapter 1 gives a detailed introduction 
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of dye sensitized solar cells. Chapter 2 describes the experimental of ssDSSCs 
fabrication and characterization. Chapter 3 shows the influence of different indoline 
sensitizers on the ssDSSCs with in-situ polymerized PEDOT as HTM. In addition, 
chapter 4 discusses the effect of scattering layer on the performance of ssDSSCs. A 




Chapter 2 Experimental Method and 
Device Fabrication 
This chapter summarizes the experimental issues of ssDSSCs fabrication, devices 
characterization and evaluation. Details of conducting glass, mesoporous TiO2 paste, 
sensitizers, HTMs and counter electrodes, as well as the assembling of ssDSSCs are 
shown in the first section. In the second section, characterization theoretical and 
method such as light absorption, photovoltaic current-voltage characterization, the 
intensity-modulated photocurrent spectroscopy (IMPS), intensity-modulated 
photovoltage spectroscopy (IMVS) and electrochemical impedance spectroscopy (EIS) 
are described. 
2.1 Materials and Reagents 
2.1.1 Conductive glass 
Transparent conducting oxide coated (TCO) glass is used as the substrate for all the 
electrochemical cells for in-situ polymerization and ssDSSCs. Highly fluorine-doped 
tin oxide (SnO2:F, FTO) coated glass TEC 15 and TEC 8 purchased from Hartford 
Glass Co., were used. The parameters of TEC 15 and TEC 8 are listed in Table 2.1. 
TEC 15 glass was used as both TiO2 electrode and counter electrode in 
electrochemical cell and TiO2 electrode for ssDSSCs fabrication. Meanwhile TEC 8 
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glass was used as substrate for counter electrode for ssDSSCs assembly.  
Table 2.1 parameters of conducting glass substrate for ssDSSCs fabrication.  
 Resistance 
(ohm/sq) 




TEC 15 15 82 3 
TEC 8 8 80 2.3 
2.1.2 Precursor solutions for compact TiO2 deposition 
Precursor diisopropoxy titanium bis(acetylacetonate) (Ti(OPr)2(acac)2) solution was  
prepared by slowly adding acetylacetonate to titaniumispropoxide under stirring. 
Ethanol was used to dilute the precursor solution to 0.2 M. The precursor solution 
should be freshly prepared just before spray pyrolysis.  
2.1.3 Mesoporous TiO2 paste 
Two kinds of TiO2 pastes were used for each experiment. The T/SP paste was 
purchased from Solaronix with 20 nm TiO2 nanoparticles employed for the 
transparent layer. The nanowire paste for scattering layer was prepared by Mr Wang 
Long (NUS), which used as scattering layer. The paste was prepared according to 
literature procedures.[63-66]  
2.1.4 Sensitizers 
Three indoline sensitizers with high molar extinction coefficient D131, D102 and 
D149 were used for ssDSSCs fabrication. All the three sensitizers were purchased 
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from Mitsubishi Paper Mills Ltd.  
2.1.5 Hole transporting material 
The hole transporting material (HTM) used in the work is in-situ polymerized 
poly(3,4-ethylenedioxythiophene) (PEDOT). 2,2’-Bis (3,4-ethylenedioxythiophene) 
(bis-EDOT) monomer was synthesized according to previous report.[67]  
2.1.6 Monomer solution for in-situ polymerization 
Bis-EDOT was used as the monomer for polymerization of PEDOT. The monomer 
solution consists of 0.1 M LiClO4 and saturated bis-EDOT monomer in acetonitrile.  
Since the bis-EDOT is not stable in air, the solution should be freshly prepared before 
polymerization. 
2.1.7 Chemicals 
All solvents and reagents, unless otherwise stated, were of puriss quality and used 
as received. Lithium bis-trifluoromethanesulfonylimide (LiTFSI, 99%) and 
lithium perchlorate (99.99%) were purchased from Aldrich.  
2.2 Fabrication of ssDSSCs 
A typical ssDSSC with in-situ polymerized PEDOT as HTM is shown in this section. 
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2.2.1 Preparation of photoanodes  
To prevent direct contact between the FTO layer and the counter electrode, the FTO 
glass was partially etched first. Zinc powder and HCl were used in the etching process. 
The FTO glass was masked for the part that does not need to be etched. Subsequently, 
the masked FTO glass were dipped in ~4 M HCl, followed by spreading zinc powder 
in the solution. FTO layer was fast removed by the reaction between zinc and HCl. 
Then etched FTO glass was cleaned with detergent, acetone, ethanol using an 
ultrasonic bath for 20 min, respectively. Then etched FTO glass was rinsed with 
deionized water and ethanol, followed by drying under nitrogen flow. Before 
deposition with compact layer, the etched FTO glass was treated by O2 plasma for 18 
min.  
Compact TiO2 layer was prepared by aerosol spray pyrolysis on cleaned FTO 
conducting glass.[49] To protect the collection area, a piece of glass side was used to 
cover the area before preparation of compact layer. The cleaned FTO glass with glass 
slide was heated to 450 oC for 15 min. The freshly prepared 0.2 M precursor solution 
was spayed at a distance of about 20 cm above the FTO glass. In the spray process, 
oxygen gas was used as the carrier gas. After 5 spray pyrolysis cycles with an interval 
of 2 min, the thickness of compact layer was around 100 nm. Then the substrates were 
sintered for another 15 min at 450 oC to remove organic residue.  
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Subsequently, mesoporous TiO2 film was prepared by doctor-blade method with TiO2 
paste on the FTO conducting glass with compact TiO2 layer. The film was the 
graduately heated to 450 oC in air and sintered for 30 min. The TiO2 film was cooled 
to room temperature and followed by treatment with 40 mM TiCl4 solution at 70 
oC 
for 30 min. Then the prepared TiO2 electrode was rinsed with water and ethanol. 
Afterward it was sintered again at 450 oC for 30 min and cooled to 85 oC in air. 
The prepared TiO2 electrodes were sensitized by immersing in dye solution. The 
concentration of dye solution, solvent of dye solution and immersing time can vary 
according to the property of sensitizers. In this work, the dye solution consists of 0.3 
mM sensitizer and 0.3 mM deoxycholic acid as co-adsorbent in a mixture of 
tert-butanol and acetonitrile (v:v = 1:1). The TiO2 electrode was immersed for 2 h in 
the dark at room temperature. After washing with acetonitrile and drying by nitrogen 
flow, the dye sensitized TiO2 electrode was used as the photoanode. 
2.2.2 Counter electrode for in-situ polymerization 
A Pt counter electrode was prepared by thermal decomposition of platinum 
precursor.[63] In this work, 10 mM hexacholorplatinic(IV) acid hexahydrate in 
isopropanol was used as the precursor. A drop precursor was put on cleaned FTO 
glass and spreaded by spin coating at 3000 rpm for 30 s. Coated counter electrode was 
dried at 70 oC for 10 min, then heated to 385 oC for 30 min.  
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2.2.3 In-situ polymerization of PEDOT 
 
Figure 2.1 The structure of the electrochemical cell for in-situ polymerization. 
The structure of the electrochemical cell for in-situ polymerization is shown in Figure 
2.1. From top to below: counter electrode, bis-EDOT monomer solution, dye 
sensitized TiO2 film with compact layer. With a layer of cutted parafilm, the 
photoanode and counter electrode was separated. Bis-EDOT monomer solution fills in 
the internal space of parafilm. In-situ polymerization of bis-EDOT was initiated at a 
constant current density (10 A cm-2) under filtered (filter: 10LWF-500, Newport) Xe 
lamp (500 nm - 1100 nm) with light irradiation of 25 mW cm-2 for 1500 s or 1800 s 
from the counter electrode side. 
After in-situ polymerization, the electrochemical cell was taken apart and the dye 
sensitized photoanode was quickly rinsed with acetonitrile to remove residue 
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monomer solution. After drying with nitrogen flow, the photoanode with PEDOT was 
treated with propylene carbonate solution contained 25 mM LiTFSI for 24 h. 
2.2.4 ssDSSCs assembly  
For ssDSSCs with in-situ polymerized PEDOT as HTM, the material used for counter 
electrode is Au. Sputtering technology was utilized for Au counter electrode 
preparation. The sputtering process was performed on cleaned FTO glass at 20 mA 
for 300 seconds using Auto fine Coater (JFC-1600, JEOL). 
After treatment with LITFSI, the photoanode was dried under nitrogen flow, after 
which it is clamped together with Au counter electrode. The structure of ssDSSCs is 
similar to the electrochemical cell for polymerization (Figure 2.1), except that the 
counter electrode changes to Au.  
2.3 Characterization of ssDSSCs 
2.3.1 UV-visible adsorption spectra 
The UV-visible adsorption spectra were measured in a 1 cm path length quartz cell 
on a Shimadzu UV-1700 spectrophotometer. 
The absorption spectra of dye solutions were measured with a 1 cm path length 
quartz cell. For the absorption spectra of sensitized TiO2 electrodes, the TiO2 
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electrodes were attached on sample holder.  
2.3.2 Field-emission scanning electron microscope (FESEM)  
The field-emission scanning electron microscope (FESEM) was used to show the 
morphology of the TiO2 electrode before and after polymerization. The TiO2 
electrodes were characterized by JEOL JSM-6700F field-emission scanning electron 
microscope at 5 kV. 
2.3.3 Current-voltage characterization 
The simple way to evaluate the energy conversion efficiency of DSSCs is the 
current-voltage characterization. Figure 2.2 shows a typical current-voltage and 
power-voltage curve for DSSCs under illumination condition. The parameters of 
DSSCs, such as the short circuit current density (Jsc), open circuit voltage (Voc), fill 
factor (FF) and energy conversion efficiency () can be calculated from this figure.  
As shown in Figure 2.2 (a), Jsc is the photocurrent density when the voltage of device 
is zero. Generally, with increased incident light intensity, Jsc increases linearly.[68]  
Voc is the voltage of device measured when no external current flows in the device. 




Figure 2.2 A typical (a) current-voltage (b) power-voltage curve of DSSCs under 
illumination 
The power output is calculated by J ×  V, as shown in Figure 2.2(b), the 
photocurrent density and voltage of DSSCs at the maximum power output (Pm) is 
named Jm and Vm.  
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  (2.1) 
The theoretical maximum power output is defined as follow: 
 (2.2) 
The ratio of maximum power output (Pm) to the theoretical maximum power output 
(Pmax) is defined as the FF, which indicates the fit of the maximum power rectangle in 
ssDSSCs.  
 (2.3) 
The resistance of device affects the value of FF. There are two kinds of resistances in 
DSSCs. One is series resistance, consists of the internal resistance and the contact 
resistance of the device, the other one is parallel resistance from the current leakage. 
For achieving high efficient DSSCs, the value of FF should be as high as possible. 
Thus, the internal and contact resistance should be decrease while high parallel 
resistance is necessary to decrease current leakage.  
The most important parameter to characterize the performance of DSSCs is the energy 
conversion efficiency (), which is calculated by the maximum power output and the 
power of incident light. In order to get comparable energy conversion efficiencies, all 
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DSSCs are measured under the standard incident light condition. 
 (2.4) 
The standard incident light condition is the sunlight spectra at air mass 1.5 global 
(AM 1.5G). Sunlight is a mixture of light with different wavelengths, including 
ultraviolet, visible, infrared regions. When sunlight irradiation passing through the 
atmosphere, due to the absorption of oxygen, ozone, carbon dioxide and water in air, 
the sunlight is attenuated gradually. The path length of the sunlight in atmosphere 
affects the attenuation.  
 
Figure 2.3 The definition of air mass (AM). 
Air mass (AM) represents the optical path length of light from the sun through the 
atmosphere. The path length can be calculated by AM = 1/cos , while  is the 
elevation angle of the sun as shown in Figure 2.3. 
The standard solar spectrum for energy conversion efficiency measurement of solar 
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cells is air mass 1.5 global (AM 1.5G) ().  
In this work, the current-voltage characteristics of the ssDSSCs were measured under 
AM 1.5G irradiance (100 mW cm-2) from a 300W Xe lamp (MAX-310, Asahi 
Spectra). The power of incident light was regulated by a silicon reference cell. The 
current-voltage data were recorded by an electrochemical workstation (PGSTA30, 
Autolab). Energy conversion efficiency was measured using a mask with an 
aperture area of 0.15 cm2 
2.3.4 Measurement of incident photon to electron conversion 
efficiency (IPCE) 
Since the light response of DSSCs varies with the wavelength of incident light, the 
incident photon to electron conversion efficiency (IPCE) was studied. IPCE value at 
different wavelength was calculated by the number of photoelectrons generated 
divided by number of photons of the incident light. 
 (2.5) 
For the IPCE measurement, the wavelength of incident light was selected by a 
monochromator (TMS300, Bentham). The incident light from a 300 W Xe lamp 
(MAX-310, Asahi Spectra) was focused through the monochromator onto the 
reference silicon cell and DSSCs. The data were recorded using a potentiostat 
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(Keithley 2400 Source Meter). The IPCE spectra were plotted by the incident light 
wavelength and the IPCE value. 
2.3.5 Measurement of intensity-modulated photocurrent 
spectroscopy (IMPS) 
 
Figure 2.4 Typical experimental setup for IMPS measurement 
Since direct current (DC) techniques could not provide information on the internal 
dynamics of DSSCs, electrical perturbations were introduced to analysize DSSCs for 
the research of internal dynamic. A typical perturbation is small amplitude modulation 
of light intensity used on a constant background light. The internal electron transport 
causes a shift of the phase measured. This technology is called intensity-modulated 
photocurrent spectroscopy (IMPS).[69, 70] IMPS measurement can provide 
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information about the combination process of charge recombination and charge 
collection in TiO2 electrode. The typical experimental setup for measurement of IMPS 
is shown in Figure 2.4. Light emitting diodes (LED) are used as the light sources for 
IMPS measurement. In the current work, a high intensity green LED with light 
emission of 530 nm is used for all the devices. An autolab electrochemical 
workstation (PGSTA30) was used for the IMPS measurement. IMPS with different 
incident light was measured by using filters, the percentage of different incident light 
is 10%, 17%, 33%, 50% and 100%, respectively.   
From IMPS data, the charge transporting time (d) for injected photoelectrons travel 
through the TiO2 electrode can be calculated.[71] In addition, the diffusion coefficient 
(Dn) of photoelectrons diffuse in TiO2 electrode can be obtained.[72] The f d,min is the 
frequency of minimum IMPS arch, d is the thickness of TiO2 electrode. 
 (2.6) 
  (2.7) 
2.3.6 Measurement of intensity-modulated photovoltage 
spectroscopy (IMVS) 
Like IMPS, IMVS is another type of external perturbation, in which a small potential 
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perturbation was applied on a large steady-state potential. In IMVS the photocurrent 
is only influenced by the dye loaded on the TiO2 electrode. The electronically 
properties of TiO2 electrode do not affect the IMVS signal. The recombination of 
DSSCs can be represented by IMVS measurement.  
 
Figure 2.5 Typical experimental setup for IMPS measurement 
The typical experimental setup for measurement of IMVS is shown in Figure 2.5. 
Light emitting diodes (LED) are used as the light sources for IMVS measurement. For 
the IMVS measurement, a high intensity green LED with light emission of 530 nm is 
used for all the devices. An autolab electrochemical workstation (PGSTA30) was 
used for the IMPS measurement. The measurement of IMVS can process at any 
current. In this work, all the measurement was under open circuit condition.[73] 
IMVS with different incident light was measured by using filters, the percentage of 
different incident light is 10%, 17%, 33%, 50% and 100%, respectively. 
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The electron lifetime (n), which implies the photoelectron recombination, can be 
calculated. The f n,min is the frequency of minimum IMVS arch. 
 (2.8) 
2.3.7 Calculation of charge-collection efficiency (cc) 
The FTO conducting glass collects some of the generated photoelectrons, while some 
of them are recombined with the oxidized sensitizer and electrolyte or HTMs. Thus, 
the photocurrent density is affected by the light harvesting of dye and charge 
collection of the injected electrons. However, there is no direct method to determine 
the charge-collection efficiency (cc) of the devices. The cc can only be calculated 
by combining the charge transporting (IMPS) and the charge recombination 
(IMVS). 
Assume both charge collection by conducting glass and recombination of the 
photoelectrons are proportional to the injected photoelectron concentration. The 
time constant for charge collection (cc), charge transporting(d) and electron 
lifetime (n) has the relation[74]: 
 (2.9) 




2.3.8 Measurement of Electrochemical Impedance 
Spectroscopy (EIS) 
For electrochemical impedance spectroscopy (EIS) technology, a wide frequency 
range of small sinusoidal potential voltage perturbations was applied to an 
electrochemical cell, the current response to the external voltage. The ssDSSCs are 
first given an external bias voltage, followed by a small perturbation with low 
amplitude modulated voltage. The generated current leads to a delay of phase.[75-77]  
To interpret EIS spectrum, generally an equivalent circuit model was used to fit the 
transient response. The electrical elements selected for the circuit are basic 
components, for example, resistor and capacitor are the most chosen elements.  
 
Figure 2.6 Equivalent circuit of ssDDSC with in-situ polymerized PEDOT as 
HTM in Zview software. 
The equivalent circuit used for ssDSSCs with in-situ polymerized PEDOT as HTM 
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was shown in Figure 2.6. R0 is the series internal resistance in ssDSSCs. In addition, 
there are two units of  resistor-capacitors in parallel that represent the HTM/counter 
electrode interface and TiO2 electrode/HTM interface, respectively.[52] It has been 
reported that the frequency range 103 – 105 Hz corresponds to HTM/counter electrode 
interface, while 1 – 103 Hz indicates charge transfer on TiO2 electrode/HTM interface 
 
Figure 2.7 Typical curves of impedance spectra for a ssDSSCs with in-situ 
polymerized PEDOT as HTM. The data was measured at - 0.7 V bias in the dark 
with D149 as sensitizer. 
 
A typical Nyquist plot of EIS spectrum for D149 based ssDSSCs with in-situ 
polymerized PEDOT as HTM is shown in Figure 2.7. The spectrum is plotted by real 
part (Z’) vs. imaginary part (Z’’) of the impedance. The chemical capacitance (C), 
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CHAPTER 3 Influence of Organic 
Sensitizers on ssDSSCs with in-situ 
polymerized PEDOT as hole transporting 
material 
3.1 Introduction 
As mentioned before, due to high conductivity and tunable optoelectrical property, 
conjugated polymers are one of the attractive candidates for the hole transporting 
materials for solid-state dye sensitized solar cells (ssDSSCs). However, large 
molecular size decreases the penetration of HTMs into the TiO2 electrode, and this 
restricts application of conjugated polymers in ssDSSCs. The penetration of HTM is 
the main factor that affects the performance of ssDSSCs. To enhance penetration of 
conjugated polymers, in-situ photoelectrochemical polymerized PEDOT used as 
HTM for ssDSSCs was first introduced by Yanagida et al. in 2004.[78] The small 
monomer 2,2’-bis(3,4-ethylenedioxythiophene) (bis-EDOT) can diffuse into the TiO2 
electrode and then begin to polymerize. The role of the sensitizer in polymerization 
process is to provide the photo-created hole on its HOMO level to initiate the 
oxidation of monomer. Figure 3.1 shows the chemical structures of bis-EDOT and 





Figure 3.1 The chemical structures of bis-EDOT monomer and PEDOT 
Employing in-situ polymerized PEDOT as HTM, the fabricated ssDSSCs have 
obtained an enhanced energy conversion efficiency of 2.85% with ruthenium Z907 
as sensitizer.[52] With a Ag painted counter electrode, the efficiencies of Z907 
based ssDSSCs with in-situ polymerized PEDOT as HTM have been improved to 
3.2%.[53]  
Compared with conventional noble metal ruthunium based sensitizers, organic 
sensitizers have some advantages, such as low cost, high molar extinction 
coefficients and variable structures. Indoline sensitizers is a kind of organic 
sensitizers based on indoline derivative. Recently, by replacing ruthenium dye 
Z907 with indoline dye D149 as the sensitizer, the efficiency for this type of 
ssDSSCs has been improved to 6.1%.[54] Compared with rutheniun dye Z907, the 
indoline dye D149 based devices have shown broader light absorption, lower 
photoelectron recombination and better polymer penetration.  
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In addition, indoline dyes D131 (cyanoacrylic), D102 (monorhodanic), and D149 
(double rhodanic acids), with the same core structure as shown in Figure 3.2, have 
achieved relatively high efficiency of 5.1%, 6.1% and 9.03% respectively in 
traditional DSSCs based on volatile electrolyte.[79, 80] Recent studies of ssDSSCs 
with D131, D102 and D149 as sensitizers and spiro-MeOTAD as the HTM, 
yielded efficiencies of 2.4%, 4% and 4.2% respectively.[27, 56, 81] The potential 
of the indoline sensitizers have been shown by these results not only in coventional 
electrolyte based DSSCs, but also in ssDSSCs. We’ve been encouraged to study 
the in-situ polymerized PEDOT based ssDSSCs with different indoline sensitizers. 
 
Figure 3.2 The chemical structures of D131, D102 and D149 sensitizers. 
In this work three indoline organic sensitizers D131, D102 and D149 were chosen 
for in-situ polymerized DSSCs with PEDOT as HTM. The energy conversion 
43 
 
efficiencies of these sensitizers under the same conditions are compared. The light 
response, charge transporting time, recombination and charge-collection efficiency 
were studied to demonstrate the influence of dye structure.  
3.2 Influence of ssDSSCs with in-situ polymerized PEDOT 
as HTM 
3.2.1 Optimization of the TiO2 electrode thickness for ssDSSCs.  
The thickness the TiO2 electrode is restricted in ssDSSCs, due to the poor penetration 
of HTMs in TiO2 electrode. If the TiO2 electrode thickness is too high, the HTM 
could not be in contact with the sensitizer over the entire thickness and as a result 
decreases the energy conversion efficiency of the devices. On the other hand, if the 
TiO2 electrode is too thin, the decreased dye loading leads to a poor light harvesting 
and further decrease the photocurrent of the ssDSSCs.  
The thickness of TiO2 electrode was optimized to have balance between with high 
photocurrent and the good HTM penetration. Table 3.1 shows the parameters of D149 
based ssDSSC with in-situ polymerized PEDOT as HTM. The energy conversion 
efficiency reaches the maximum when the thickness of TiO2 electrode is about 5 m. 
Further increase in TiO2 thickness leads to both Voc and Jsc being decreased. 
Compared to the optimum thickness of TiO2 electrode of about 2 m for conventional 
spiro-OMeTAD based ssDSSCs, this result shows that with in-situ polymerized 
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PEDOT as HTM, the penetration of HTM has been improved effectively. As shown 
in the Table, when thinner TiO2 electrodes were used, the Jsc decrease dramatically, 
due to the less sensitizer loading amount.  
Table 3.1 The performance of ssDSSCs with D149 as sensitizer at different TiO2 
electrode thickness. 
Thickness (m) Voc (mV) Jsc (mA cm
-2) FF  (%) 
6.5 850 8.19 0.71 4.96 
5.1 870 9.17 0.75 5.98 
4.3 880 8.66 0.69 5.26 
3.2 880 7.46 0.72 4.75 
2.0 880 6.10 0.62 3.35 
3.2.2 Optimization of the polymerization current for in-situ 
polymerization. 
For ssDSSCs with in-situ polymerized PEDOT as HTM, a key factor that affects the 
performance is the polymerization current. The current determines the charges applied 
for polymerization and affects the amount of bis-EDOT monomers that get 
polymerized. The performances of ssDSSCs with D149 as sensitizer under different 
polymerization current are shown in Table 3.2.  
The result indicates that if the current for polymerization is too high, the amount of 
bis-EDOT monomer polymerized is excessive. The polymerized PEDOT penetrates 
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and causes short-circuit on the FTO conducting glass. As a result, the performance of 
ssDSSCs is decreased.  
Table 3.2 The performance of ssDSSCs with D149 as sensitizer under different 
polymerization current. 
Current (A) Voc (mV) Jsc (mA cm
-2) FF  (%) 
4.5 900 7.12 0.72 4.65 
5.0 870 9.17 0.75 5.98 
5.5 890 7.83 0.74 5.16 
6.0 860 6.59 0.68 3.86 
The optimum polymerization current for D149 based ssDSSCs in-situ polymerize is 5 
A. Insufficient PEDOT caused by decreased polymerization current, leads to poor 
amount of HTM in TiO2 electrode. Thus, the energy conversion efficiency decreased 
with decreased polymerization current. 
3.2.3 The study of surface morphology of TiO2 electrodes 
Hole diffusion from HTMs to the counter electrode is affected by the HTM/counter 
electrode interface. Figure 3.3 shows the field-emission scanning electron 
microscope (FESEM) images of the surface morphology of D149 sensitized TiO2 




Figure 3.3 FESEM images of the D149 sensitized TiO2 layer before (a) and after 
(b) polymerization. 
As shown in Figure 3.3(b), a thin, evenly covered and porous PEDOT layer was 
formed after after in-situ polymerization of bis-EDOT. With this evenly covered 
PEDOT layer, there is good interfacial conduction between PEDOT and Au 
electrode. Thus, the internal resistance is reduced and high fill factor is achieved. 
Similar FESEM images are obtained for D102 and D131 sensitized TiO2 film. 
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3.2.4 Evaluation of three indoline sensitizers 
As mentioned for the in-situ polymerization, the process is initiated by oxidation of 
bis-EDOT monomer. The monomer is oxidized by the photo-created holes at the 
HOMO level of sensitizers. Thus, one simple method to evaluate suitable sensitizer is 
to compare the HOMO level of sensitizer and bis-EDOT monomer.  
The HOMO level of the bis-EDOT monomer is calculated to be -4.86 eV vs. vacuum, 
while the HOMO levels of the sensitizers D131, D102 and D149 are -5.02 eV, -4.97 
eV and -4.90 eV, respectively.[79, 80, 82] As a result, bis-EDOT can be oxidized by 
each of the three indoline sensitizers. As such, D131, D102 and D149 are all suitable 
ssDSSCs with in-situ polymerized PEDOT as HTM. 
3.2.5 Performance of the ssDSSCs based on three indoline 
sensitizers 
The I-V curves of devices based on D131, D102 and D149 are shown in Figure 3.4. 
The ssDSSCs with D149 showed a short-circuit photocurrent density (Jsc) of 9.17 
mA cm2, an open-circuit photovoltage (Voc) of 870 mV, and a fill factor (FF) of 
0.75, yielding an overall energy conversion efficiency () of 5.98%, under 100 




Figure 3.4 The photocurrent-photovoltage curves of PEDOT based DSSCs with 
D149 (squares), D102 (circles) and D131 (triangles) as sensitizers under 100 mW 
cm-2 AM 1.5G illumination. The active area is 0.15 cm2, which is controlled by a 
mask. 
Under the same conditions, the ssDSSCs with D102 and D131 as the sensitizer 
showed Jsc of 7.91 mA cm
2 and 4.44 mA cm2, Voc of 860 mV and 740 mV, and 
FF of 0.752 and 0.743, which yielded efficiencies of 5.17% and 2.44%, 
respectively.  
With in-situ polymerized PEDOT as HTM, D102 based ssDSSCs obtained 
comparable Voc and FF as ssDSSCs with D149 as sensitizer, except the Jsc for 
D102 based devices are slightly lower.  
Interestingly, the Jsc, the Voc, and the energy conversion efficiencies for devices 
fabricated with D131 are much lower than those ssDSSCs based on D102 and 
D149 as sensitizers. 
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3.2.6 Light harvesting for ssDSSCs sensitized with three 
indoline sensitizers 
To investigate the light response for ssDSSCs with in-situ polymerized PEDOT as 
HTM sensitized by D131, D102 and D149, the incident photon-to-electron conversion 
efficiency (IPCE) spectra were measured and shown in Figure 3.5.  
 
Figure 3.5 The IPCE spectra of PEDOT based DSSCs with D149 dye (squares), 
D102 (circles) and D131 (triangles) as sensitizers. 
The D131 based ssDCCSs got the highest maximum IPCE value 71.2% at 425nm, 
followed by D102 based devices 66.8% at 485nm. ssDSSCs fabricated with D149 
obtained the lowest maximum IPCE value 66.2% at 540nm. Contrary to the results for 
maximum IPCE value, the response range of ssDSSCs with an IPCE value larger than 
the half maximum IPCE value are in a sequence of D131 (350-515 nm) < D102 
(350-595 nm) < D149 (350-630 nm). 
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Although ssDSSCs with D149 as sensitizer obtained the lowest maximum IPCE value, 
the response range is much broader than those with D102 and D131. When the 
incident light wavelength larger than 550 nm, the IPCE of D149 based devices 
compensates the slightly lower maximum IPCE value compared with D131 and D102 
based devices. As a result, D149 sensitized ssDSSCs with in-situ polymerized 
PEDOT as HTM obtained the largest light response.  
3.2.7 Light absorption of TiO2 electrode sensitized with three 
indoline sensitizers 
There are some factors that affect the IPCE spectra of DSSCs, such as light absorption 
of sensitizer, charge transporting and the charge recombination. First and foremost, 
the spectral overlapping between the light absorption spectra of sensitizer and the AM 
1.5G solar irradiance spectrum determines the number of photoelectron generated. 
Thus, the IPCE spectra are significantly affected by the light absorption of sensitizer. 
In addition, structure of sensitizer is the determinant for light absorption of sensitizer. 
The light absorption spectra of TiO2 electrodes sensitized with D131 D102 and D149, 
are measured to explain the different IPCE spectra obtained.  
As shown in Figure 3.6, total light absorption is determined by both the absorbance 
and the absorption range of sensitizers. Generally, the absorbance of sensitizer is 
consistent with the molar extinction coefficient of sensitizer. Due to the extension of 
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-conjugation, the molar extinction coefficients for the three indoline sensitizers 
follow a sequence of D131 (48,000 M-1 cm-1, 425 nm) < D102 (58,800 M-1 cm-1, 491 
nm) < D149 (68,700 M-1 cm-1, 526 nm).[27, 81] However, contrary with the molar 
extinction coefficient data, as shown in Figure 3.6(a), D131 based TiO2 electrode 
achieved the highest absorbance value, while D149 sensitized ones with the lowest 
absorbance value.  
To find the underlying reason for the difference between the absorbance of dye and 
the molar extinction coefficient, the dye-loading amount was determined by the 
concentration before and after sensitizing. For D131, D102 and D149 based TiO2 
electrode, the dye loading is 4.37× 10-7 M cm-2, 3.94 × 10-7 M cm-2 and 3.43 × 10-7 M 
cm-2, respectively. Although with the highest molar extinction coefficient, D149 
sensitized TiO2 electrode shows the lowest dye-loading amount. Consequently, the 
D149 based TiO2 electrode shows the lowest maximum absorbance value. 
In addition to absorbance value, the range of absorbance also contributes to the total 
light absorption of DSSCs. Normally the absorption onset is used to represent the 
absorption range of sensitizers. As shown in Figure 3.6(b), the absorption onset for 
D149 sensitized TiO2 electrode is at 649 nm, which is 40 nm and 114 nm red-shifted 




Figure 3.6 UV-vis absorption spectra of dye-sensitized TiO2 films with three 
indoline sensitizers before (a) and after (b) photoelectrochemically polymerized 
PEDOT. 
The area of the light absorption spectra reflects the total light absorption of the 
sensitized TiO2 electrode, and this can be obtained by integration. The area of the 
light absorption spectra is 116.5, 139.3 and 148.7 for D131, D102 and D149 
53 
 
sensitized TiO2 electrode, respectively. Obviously, the TiO2 electrode based on D149 
achieved the highest total light absorption. These results show that the light 
absorption of DSSCs could be enhanced by extending -conjugated system of 
sensitizer. The IPCE of DSSCs is improved accordingly.  
To illustrate the effect of the in-situ polymerized PEDOT on the light adsorption of 
the ssDSSCs, we further measured the UV-vis absorption spectrum of sensitized TiO2 
films with PEDOT for the three indoline sensitizers. As shown in Figure 3.6(b), there 
is no significant change except the absorption tail after 600 nm by absorption of 
PEDOT, compared with sensitized TiO2 electrode. The result indicates the presence 
of the polymerized PEDOT do not affect the light absorption of sensitizer in visible 
range significantly.  
3.2.8 Intensity modulated photocurrent spectroscopy (IMPS) 
study for ssDSSCs with three indoline sensitizers 
Intensity modulated photocurrent spectroscopy (IMPS) measurements were 
utilized for further study of the influence of dfferent indoline sensitizers on the 
charge transporting and charge collection efficiency of ssDSSCs with in-situ 
polymerized PEDOT as HTM.  
The minimum frequency (fd,min) of the IMPS arch as a function of incident light 




Figure 3.7 The minimum frequency of the IMPS arch of PEDOT based solar 
cells with D149 (squares), D102 (circles) and D131 (triangles) as the sensitizers as 
a function of incident light intensity. 
As shown in Figure 3.7, fd,min increased with the increased incident light intensity. 
When incident light intensity increased, the number of generated photoelectrons 
increased accordingly. The excess photoelectrons fill in the deeper traps in TiO2 
electrodes, as a result, the fd,min increased.[83] 
Table 3.3 The transport time of devices with three indoline sensitizers at 
different intensity of incident light.  








0.54 0.53 0.65 1.16 
0.99 0.36 0.49 0.79 
1.96 0.24 0.30 0.53 
3.17 0.16 0.20 0.44 
5.35 0.11 0.14 0.29 
With Equation , the charge transporting time for injected photoelectrons to 
travel through the TiO2 electrode can be calculated. As shown in Table 3.3, the 
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calculated d for ssDSSCs is in the order: D149 (0.11 ms) < D102 (0.14 ms) < 
D131 (0.29ms) at 5.35 mW cm-2. Since charge transporting time and photoelectron 
diffusion coefficienct can be associated with Equation 2.7, the diffusion 
coefficients (Dn) of photoelectrons in TiO2 electrode are shown in Table 3.4. the 
results show that at all incident light intensity, the photoelectrons diffusion in 
D149 based TiO2 electrode is faster than those based on D102 and D131. 
Table 3.4 The diffusion coefficients of ssDSSCs with three indoline sensitizers at 
different intensity of incident light. 
Intensity of incident light 
(mW cm-2) 
D149 
(×10-4 cm2 s-1) 
D102 
(×10-4 cm2 s-1) 
D131 
(×10-4 cm2 s-1) 
0.54 2.0 1.6 0.91 
0.99 2.9 2.2 1.3 
1.96 4.4 3.5 2.0 
3.17 6.6 5.3 2.4 
5.35 9.7 7.6 3.6 
3.2.9 Intensity modulated photovoltage spectroscopy (IMVS) 
study for ssDSSCs with three indoline sensitizers 
Intensity modulated photovoltage spectroscopy (IMVS) measurements were 
employed for the study on the electron lifetime and charge collection efficiency of 
ssDSSCs with in-situ polymerized PEDOT as HTM. The minimum frequency (fd,min) 
of the IMVS arch as a function of incident light intensity for ssDSSCs sensitized with 
D102, D131 and D149 are shown in Figure 3.8. 
The fn,min also increased with the increased incident light intensity. At high incident 
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light intensity, the average energy of occupied surface states in DSSCs is higher. Thus, 
the average activation energy for electron transfer is decreased, with the increased 
fn,min.[74, 84] 
 
Figure 3.8 The minimum frequency of the IMVS of PEDOT based solar cells 
with D149 (squares), D102 (circles) and D131 (triangles) as the sensitizers as a 
function of incident light intensity. 
IMVS is used to characterize the charge recombination process in ssDSSCs. From 
Equation 2.8, the electron lifetime can be obtained from the fn,min. The same with d, 
with higher incident light intensity n also decreased as shown in Table 3.5.  
At all incident light intensity, the n for ssDSSCs is in the sequence: D102 < D149 
< D131. Generally, the longest electron lifetime, the slowest recombination 




Table 3.5 The electron lifetime of devices with three indoline sensitizers at 
different intensity of incident light. 








0.54 3.76 3.09 5.55 
0.99 3.09 2.54 4.57 
1.96 2.09 1.42 3.09 
3.17 1.42 0.96 2.09 
5.35 0.79 0.65 1.42 
3.2.10 Compare of charge-collection efficiency (cc) for 
ssDSSCs based on three indoline sensitizers. 
The charge-collection efficiency (cc) can be calculated by Equation 2.10. As 
shown in Table 3.6, the cc of ssDSSCs with three indoline sensitizers are almost 
at 83±5%, at all the incident light intensity. 
Table 3.6 The charge-collection efficiency (cc) of ssDSSCs with three indoline 
sensitizers at different intensity of incident light. 








0.54 85.9 79.0 79.1 
0.99 88.3 80.7 82.7 
1.96 88.5 78.9 82.8 
3.17 88.7 79.2 78.9 
5.35 86.1 78.5 79.6 
The results indicate that for indoline sensitizers based ssDSSCs with in-situ 
polymerized PEDOT as HTM, the charge transporting time (d) and electron 
lifetime (n) can compensate each other. Finally a similar charge-collection 
efficiency (cc) was obtained by all ssDSSCs with different sensitizers or under 
different incident light intensity.  
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There are three main factors that affects the Jsc of ssDSSCs with in-situ 
polymerized PEDOT as HTM. They are light absorption, charge transporting and 
photoelectron recombination. Since the charge transporting and photoelectron 
recombination eventually leads to a similar charge-collection efficiency, the light 
absorption of sensitizers determines the Jsc of devices.  
3.2.11 Study of the chemical capacity on ssDSSCs 
In addition to the difference in Jsc, the Voc among ssDSSCs with different sensitizers 
are distinguished. The chemical capacitance (C) of ssDSSCs based on three 
indoline sensitizers as a function of bias voltage were studied to understand the 
difference in Voc.[52]  
 
Figure 3.9 The chemical capacitance (C) in D149 (squares), D102 (circles) and 
D131 (triangles) based DSSCs as a function of bias voltage. 
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As shown in Figure 3.9, at each bias the C for D131 based ssDSSCs are obviously 
higher than those based on D102 and D149. The results indicates the smallest 
energy band gap between the Fermi level of HTM and the conducting band of TiO2. 
As a result, ssDSSCs based on D131 obtained the lowest Voc compared with D102 
and D149 based devides. The Voc for D102 and D149 based ssDCCSs are similar 
due to the comparable chemical capacity. 
3.3 Conclusion 
The polymerization conditions have been optimized to achieve the highest energy 
conversion efficiency for ssDSSCs. Three indoline sensitizers D131, D102 and D149 
with high molar extinction coefficient, were used to show the influence of sensitizers 
for the energy conversion efficiency of ssDSSCs with in-situ polymerized PEDOT as 
HTM 
Devices based on different sensitizers have different charge transporting process and 
photoelectron recombination process. Interestingly, the charge transporting and 
photoelectron recombination can compensate each other and result in comparable 
charge-collection efficiencies. The key factor that determines the energy conversion 
efficiency of ssDSSCs with in-situ polymerized PEDOT as HTM is the light 
absorption of the sensitizer. With the largest light absorption, ssDSSCs based on 
D149 showed Jsc of 9.17 mA cm
2, Voc of 870 mV, FF of 0.750 and the  of 5.98% 
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under 100 mW cm-2 AM 1.5G illumination.  
With slightly lower light response, the D102 based ssDSSCs yielded efficiency of 
5.17%, while D131 based devices yielded the lowest efficiency of 2.44% with the 
narrowest light absorption and the smallest energy band gap.  
For enhancing the energy conversion efficiency of ssDSSCs with in-situ polymerized 
PEDOT as HTM, further efforts should be made towards designing novel organic 




CHAPTER 4 Influence of the Scattering 
Layer on ssDCCSs with in-situ polymerized 
PEDOT as hole transporting material 
4.1 Introduction 
Our research has proven that total light absorption of the indoline dye sensitized TiO2 
electrode decides the energy conversion efficiency of ssDSSCs with in-situ 
polymerized PEDOT as HTM. Generally, total light absorption can be enhanced by 
three methods. First method is the selection of sensitizers with high molar extinction 
coefficient and broad light absorption range. The second method is increase the 
dye-loading by increasing the thickness of the TiO2 electrode. The last method is to 
increase the electron conduction path length in the sensitized TiO2 electrode. 
The thickness of TiO2 electrode cannot be infinitely increased, due to the transport 
limitation for the electrolyte and HTMs. One important research challenge for 
development of ssDSSCs is the thickness of the TiO2 electrode Therefore, for a given 
sensitized TiO2 electrode, one desirable method to increase total light absorption is to 
increase the light path length. 
In 1997, theory of multiple scatting application for DSSCs was first proposed by 
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Usami et al.[24] The simulation result shows that total light absorption increased 
significantly with the presence of light scattering materials.[85, 86] In addition, 
experimental results have shown that with 400 nm spherical voids as scattering centre, 
the photovoltaic performance enhanced by 25%.[87] Although introduction of 
scattering materials improve total light absorption effectively, the relatively small 
surface area of scattering materials reduce the dye loading on the TiO2 electrode. To 
balance the light-scattering and the surface area, multifunctional TiO2 electrode was 
studied and achieved an energy conversion efficiency of 10.2% for DSSCs based on 
N719.[25] Scattering layer was also employed in ssDSSCs, which has achieved 28% 
increase of device performance.[88]  
Nanowire is one of the candidate photoanode materials for DSSCs. ZnO and TiO2 
nanowires have been applied for the fabrication of DSSCs. However, compared with 
TiO2 nanowire based DSSCs the energy conversion efficiencies of devices based on 
ZnO nanowire are lower, due to low photoelectron injection efficiency.[89, 90] 
DSSCs sensitized with Z719 on TiO2 nanowire electrode have yielded efficiencies up 
to 2.8%.[91] The result indicates that TiO2 nanowire is a promising material for 
DSSCs. In addition to conventional electrolyte based DSSCs, ssDSSCs with organic 
sensitizer C218 sensitized on TiO2 nanowire have shown efficiency of 4.9%, which 
employing spiro-MeoTAD as HTM.[92] 
In this work TiO2 nanowire was selected as the scattering layer to enhance the energy 
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conversion efficiency of ssDSSCs with in-situ polymerized PEDOT as HTM. The 
energy conversion efficiencies of nanowire and nanoparticles based ssDSSCs are 
compared under the same conditions. The light response, charge transporting time, 
recombination and charge-collection efficiency were studied to demonstrate the 
influence of nanowire based scattering layer. 
4.2 Influence of scattering layer for ssDSSCs with in-situ 
polymerized PEDOT as HTM 
4.2.1 The study of surface morphology of TiO2 electrodes with 
scattering layer 
The surface morphology of TiO2 electrode with scattering layer was studied with 
field-emission scanning electron microscope (FESEM). Figure 4.1(a) shows the 
FESEM images of the surface morphology of D149 sensitized TiO2 electrodes 
with scattering layer. The image shows that the size of TiO2 nanowires is about 2 
m in length and 100 nm in diameter.  
The surface morphology of sensitized TiO2 electrode after polymerization is 
shown in Figure 4.1(b). The nanowires were evenly covered with a thin layer of 
PEDOT after in-situ polymerization of bis-EDOT. However, the surface of 
nanowires is not as smooth as TiO2 electrode without scattering layer as shown in 
Figure 3.3. Since the hole diffusion from HTMs to Au electrode is affected by the 
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surface morphology of TiO2 electrode, the result indicates a larger internal 
resistance on Au/HTM interface. 
 
Figure 4.1 FESEM images of the D149 sensitized TiO2 layer with scattering layer 
before (a) and after (b) polymerization. 
4.2.2 Optimization of the polymerization time for ssDSSCs 
For comparison of the ssDSSCs with and without scattering layer, the performances 
of devices under the same condition were shown in Table 4.1. 
Surprisingly, the energy conversion efficiency for ssDSSCs with scattering layer was 
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slightly lower compares with the ones without scattering layer, and the fill factor for 
devices with scattering layer is obviously lower. This result is attributed to the rough 
Au/HTM interface as shown in Figure 4.1. 
Table 4.1 Comparison the performance of D149 based ssDSSCs with and without 
scattering layer. 
scattering layer Voc (mV) Jsc (mA cm
-2) FF  (%) 
Without  870 9.17 0.75 5.98 
With 850 9.25 0.71 5.60 
Since the PEDOT amount on the Au/HTM interface would affect the roughness of 
Au/HTM interface, the polymerization time, which is related to the amount of 
polymerized PEDOT, was studied. The performances of ssDSSCs with D149 as 
sensitizer under different polymerization time are shown in Table 4.2.  
Table 4.2 The performance of ssDSSCs with D149 as sensitizer under different 
polymerization time. 
Time (s) Voc (mV) Jsc (mA cm
-2) FF  (%) 
1500 850 9.25 0.71 5.60 
1800 830 10.43 0.72 6.21 
2100 830 9.71 0.76 6.12 
2400 830 8.59 0.75 5.35 
For ssDSSCs with scattering layer, obvious increased Jsc was seen with increased 
polymerization time, due to sufficient PEDOT amount and better contact with the 
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sensitized TiO2 electrode. The optimum polymerization time for D149 based 
ssDSSCs with scattering layer is 1800 s. The Jsc of ssDSSCs begin to decrease when 
polymerization time was further increased. The better FF indicates that a better 
Au/HTM interface was obtained with longer polymerization time. 
4.2.3 Optimization of the thickness of TiO2 electrode for 
ssDSSCs 
With optimized polymerization time, the thickness of TiO2 electrode with scattering 
layer was investigated to obtain high light absorption. Table 4.3 shows the 
performance of D149 based ssDSSC with in-situ sensitized PEDOT as HTM.  
Table 4.3 The performance of ssDSSCs with D149 as sensitizer at different TiO2 
electrode thickness. 
Thickness (m) Voc (mV) Jsc (mA cm
-2) FF  (%) 
5+1 830 10.43 0.72 6.21 
4.1+1 810 8.96 0.77 5.59 
3.2+1 820 7.67 0.77 4.83 
2.1+1 790 6.07 0.74 3.55 
As shown in Table 4.3, Jsc decreased dramatically with decreased TiO2 electrode 
thickness. The result is attributed to the decreased dye-loading on TiO2 electrode. The 
energy conversion efficiency reaches maximum when the total thickness of TiO2 
electrode is about 6 m. Since the surface area of nanowires is small compared with 
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nanoparticles, the thickness of scattering layer is keep at 1 m to maintain high dye 
loading amount.  
4.2.4 Performance of ssDSSCs fabricated with nanowire as 
scattering layer  
The I-V curves of devices fabricated with and without scattering layer based on 
D149 are shown in Figure 4.2. The ssDSSCs with 1 m scattering layer and 5 m 
transparent layer showed a short-circuit photocurrent density (Jsc) of 10.43 mA 
cm2, an open-circuit photovoltage (Voc) of 830 mV, and a fill factor (FF) of 0.717, 
yielding an overall energy conversion efficiency () of 6.21%, under 100 mW cm-2 
AM 1.5 light condition. 
 
Figure 4.2 The photocurrent-photovoltage curves of D149 based ssDSSCs with 
(squares) and without (circles) scattering layer under 100 mW cm-2 AM 1.5G 
illumination. The active area is 0.15 cm2, which is controlled by a mask. 
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Compared with the optimized D149 sensitized ssDSSCs with 5 m transparent layer, 
the Jsc has been increased from 9.17 to 10.72 mA cm
2 and the  has been 
increased from 5.9% to 6.2%. The result indicates that the employment of 
scattering layer increased the Jsc effectively. Although, the Voc decreases due to the 
increased TiO2 electrode thickness, the increased Jsc plays the key role for the 
energy conversion efficiency of D149 based ssDSSCs with in-situ polymerized 
PEDOT as HTM. 
4.2.5 The influence of scattering layer on the IPCE of 
ssDSSCs  
The introduction of scattering layer has improved the energy conversion efficiency of 
D149 based ssDSSCs with in-situ polymerized PEDOT as HTM, especially for the 
increased Jsc. In order to explore the reason for increased Jsc, ssDSSCs with the 
same TiO2 thickness were fabricated under the same condition.  
Table 4.4 The performance of ssDSSCs with D149 as sensitizer at the same TiO2 
electrode thickness. 
Thickness (m) Voc (mV) Jsc (mA cm
-2) FF  (%) 
5 840 8.08 0.78 5.29 
4.1+1 810 8.96 0.77 5.59 
One device was fabricated with 5 m transparent layer. The other one was 
prepared with 4 m transparent layer and 1 m scattering layer. The 
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polymerization time for this study is 1800s. As shown in Table 4.4, the ssDSSCs 
with scattering layer has shown obviously enhanced Jsc. Since the surface area of 
nanowires used in our work is smaller than that of ~20nm nanoparticles, The 
increased Jsc is not attributed the increased dye-loading. 
 
Figure 4.3 The IPCE spectra of D149 based ssDSSCs with with (squares) and 
without (circles) scattering layer. 
To investigate the light response for D149 based ssDSSCs with and without scattering 
layer, the incident photon-to-electron conversion efficiency (IPCE) spectra were 
measured and shown in Figure 4.3.  
Since small TiO2 nanoparticles based electrode is transparent, incident light could not 
be reflected in the TiO2 electrode. The IPCE spectra of ssDSSCs fabricated without 
scattering layer show a slightly narrower shape compared with those with nanowire as 
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scattering layer. The IPCE value is improved in a range of 400 to 650 nm. Different 
from the sharp maximum IPCE value at 540 nm for ssDSSCs without scattering layer, 
the IPCE spectra reach a plateau of about 60% from 500 to 600 nm for those with 
scattering layer. As a result, the IPCE spectra are improved due to the light scattering 
of the large nanowire.  
4.2.6 Intensity modulated photocurrent spectroscopy (IMPS) 
study for ssDSSCs with scattering layer 
 
Figure 4.4 The minimum frequency of the IMPS arch of D149 based solar cells 
with (squares) and without (circles) scattering layeras a function of incident light 
intensity. 
Intensity modulated photocurrent spectroscopy (IMPS) measurements were 
utilized for further study the influence of different indoline sensitizers on the 
charge transporting and charge collection efficiency of D149 based ssDSSCs with 
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scattering layer. The minimum frequency (fd,min) of the IMPS arch as a function of 
incident light intensity for D149 based ssDSSCs with and without scattering layer are 
shown in Figure 4.4. 
The same as ssDSSCs without scattering layer, fd,min increased with the increased 
incident light intensity. For ssDSSCs with scattering layer, the slope is slightly larger. 
As mentioned, fd,min increased due to the filled traps by generated photoelectrons. [83] 
The result indicates that with increased incident light, the devices with scattering layer 
have the capability to generate more photoelectrons than those without scattering 
layer. 
Table 4.5 The transport time of devices with and without scattering layer at 
different intensity of incident light.  






0.54 0.78 0.96 
0.99 0.44 0.65 
1.96 0.24 0.44 
3.17 0.21 0.29 
5.35 0.12 0.16 
With Equation , the charge transporting time for injected photoelectrons travel 
through the TiO2 electrode can be calculated. As shown in Table 4.5, the 
calculated transport times (d) for ssDSSCs with scattering layer are smaller than 
those without scattering layer at all incident light intensity.  
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4.2.7 Intensity modulated photovoltage spectroscopy (IMVS) 
study for ssDSSCs with scattering layer 
 
Figure 4.5 The minimum frequency of the IMVS of PEDOT based solar cells 
with (squares) and without (circles) scattering layer as a function of incident 
light intensity. 
Intensity modulated photovoltage spectroscopy (IMVS) was employed for the 
study on the electron lifetime and charge collection efficiency of ssDSSCs with 
in-situ polymerized PEDOT as HTM. The minimum frequency (fd,min) of the IMVS 
arch as a function of incident light intensity for ssDSSCs sensitized with and without 
scattering layer is shown in Figure 4.5. 
The fn,min of ssDSSCs with scattering layer increased with a smaller slope with the 
increased incident light intensity. It indicates that the average activation energy for 
electron transfer decreased slowly for devices fabricated with scattering layer. This 
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may be attributed to the photoelectrons generated by reflecting incident light in TiO2 
electrode.[74, 84] 
Photoelectron recombination with HTM was studied by the IMVS measurement. 
From Equation 2.8, the electron lifetime can be obtained from the fn,min. The same 
with d, with higher incident light intensity n also decreased as shown in Table 4.6.  
At all incident light intensity, the n for ssDSSCs with scattering layer is longer 
than those without scattering layer. In general, the longest electron lifetime leads 
to the slowest photoelectrons recombination. Thus, with nanowire with scattering 
layer, the electron lifetime has been improved. 
Table 4.6 The electron lifetime of devices with and without scattering layer at 
different intensity of incident light. 






0.54 8.7 6.7 
0.99 6.7 5.5 
1.96 4.5 3.7 
3.17 3.7 2.5 
5.35 3.1 1.7 
4.2.8 Compare of charge-collection efficiency (cc) for 
ssDSSCs with different polymerization time. 
To explain the change of Jsc for devices with different polymerization time, the 
charge-collection efficiencies (cc) were calculated. As shown in Figure 4.6, when the 
device is polymerized for 1800 s, the cc reach the maximum which is consistent with 
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the energy conversion efficiency result. The cc is decreased with longer 
polymerization time. It indicates that with more PEDOT on TiO2 electrode, the 
recombination between photoelectrons and HTMs is increased.  
 
Figure 4.6 The charge-collection efficiency (cc) of PEDOT based solar cells with 
scattering layer as a function of different polymerization time. 
4.2.9 Compare of charge-collection efficiency (cc) for 
ssDSSCs with and without scattering layer. 
The charge-collection efficiency (cc) can be calculated by Equation 2.10. As 
shown in Table 4.7, the cc values of ssDSSCs without scattering layer are almost 
at 87±2%, while that for ssDCCSs with scattering layer are almost 94±2%. 
The results indicate that for D149 based ssDSSCs with in-situ polymerized 
PEDOT as HTM, the charge-collection efficiency can be improved by the 
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employment of a scattering layer.  
Table 4.7 The charge-collection efficiency (cc) of ssDSSCs with three indoline 
sensitizers at different intensity of incident light. 






0.54 91.0 85.6 
0.99 93.4 88.1 
1.96 94.6 88.1 
3.17 94.3 88.4 
5.35 96.1 90.6 
4.3 Conclusion 
The scattering layer which reflects incident light within the TiO2 electrode, plays an 
important role in enhancing IPCE spectra and leads to increased Jsc. The 
polymerization conditions have been optimized to achieve the highest energy 
conversion efficiency for ssDSSCs with nanowire as scattering layer.  
D149 and in-situ polymerized PEDOT based ssDSSCs with scattering layer showed 
Jsc of 10.43 mA cm
2, Voc of 830 mV, FF of 0.717 and the  of 6.21% under 100 mW 
cm-2 AM 1.5G illumination. ssDSSCs with and without scattering layer show 
different charge transporting process and photoelectron recombination process. 
Devices with scattering layer obtained better charge transport and electron lifetime. 
As a result, ssDSSCs with with scattering layer achieved better charge-collection 
efficiency. 
The use of scattering layer can partially improve the light response for ssDSSCs. For 
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enhancing the energy conversion efficiency of ssDSSCs with in-situ polymerized 
PEDOT as HTM, further efforts should made towards designing novel TiO2 electrode 




Chapter 4 General Conclusion and Outlook 
The objective of this work is to improve the energy conversion efficiency of ssDSSCs 
with in-situ polymerized PEDOT as HTM. Three indoline sensitizers were employed 
to study the influence of sensitizer structure on ssDSSCs. In addition, scattering layer 
was used in ssDSSCs with in-situ polymerized PEDOT as HTM to improve light 
response for ssDSSCs. In addition, the polymerization conditions were optimized to 
improve the performance of ssDSSCs. 
Influence of indoline sensitizers  
Three indoline sensitizers with high molar extinction coefficient, D131, D102 and 
D149 were used to explain the effect of chemical structure of sensitizer on 
performance of ssDSSCs. Our study has shown that the photoelectron transport and 
recombination could compensate each other for three dye sensitized ssDSSCs. Since 
charge collection efficiency is roughly constant, the key parameter that affects the Jsc 
is the total light absorption. D149 based ssDSSCs with the largest light absorption 
achieved efficiency of 5.98%.  
Influence of scattering layer 
In order to increase light response without sacrificing PEDOT penetration, a 
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scattering layer prepared with nanowire has been used in ssDSSCs with in-situ 
polymerized PEDOT as HTM. The IPCE spectra show that more photoelectrons 
generated by the light scattering effect. IMPS and IMVS measurement indicated 
better charge-collection efficiencies of ssDSSCs at all incident light intensity. 
ssDSSCs with in-situ polymerized PEDOT as HTM have achieved remarkable 
efficiency of 6.21%.  
Outlook 
The energy conversion efficiencies of solid-state dye sensitized solar cells employed 
in-situ polymerized PEDOT as HTM have been improved. However, there are still 
several challenges for this kind of ssDSSCs compared with electrolyte based DSSCs. 
The main problem that should be solved is the poor HTM penetration.  
The polymerization parameter such as polymerization current density should be 
further optimized for enhancement of energy conversion efficiency of ssDSSCs. The 
role of sensitizer in polymerization process is to provide the photo-created hole on its 
HOMO level to initiate the oxidation of monomer. To employing more sensitizers 
with high molar extinction coefficient for in-situ polymerized ssDSSCs, suitable 
monomer of HTM should be developed. The HOMO level of monomer can be 
adjusted by changing monomer structure. In addition, modification of the mesoporous 
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